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A B S T R A C T
The importance of resilient railway infrastructure is paramount when considering the increased likelihood of
extreme weather and flash flood events in coming years. One of the main causes of instability of railway tracks is
excess water in the trackbed, particularly when it is at or above the interface of the ballast and subgrade.
Conventional drainage systems are susceptible to clogging and deterioration. Resilient track drainage systems
should therefore have sufficient capacity to allow water to dissipate quickly, but they should also be designed to
ensure long-term operation with minimal or easily performed maintenance. This paper presents results from an
investigation of a potential new railway drainage system using geocellular components. In the paper, the de-
velopment of a large scale physical model is described which represents a full scale unit cell of a sleeper-to-
sleeper track substructure. The physical model includes ballast and subgrade layers, under-track and lateral
drainage systems, rainfall simulation, and instrumentation. Results demonstrate the relative hydraulic response
of the drainage system with and without the geocellular components. The paper also describes the development
of a numerical model of the track subgrade and drainage system, which was first calibrated and verified using
experimental data from the physical model, then extended to study the effect of certain parameters on the
hydraulic response of the railway track. Results indicate that the under-track geocellular drainage system offers
potential benefits in terms of maintaining a lower water table level within the subgrade as well as in aiding the
migration of fines out of the ballast.
Introduction
The long-term performance and overall safety of railway infra-
structure are critically dependent on the drainage capacity of the track
system. Railway drainage system modernization is considered a key
factor for improving railway network safety and capacity and enhan-
cing the resilience of railway infrastructure. Accumulation of water
within the track substructure reduces the shear strength and stiffness of
the subgrade layer and may cause excessive trackbed settlement under
train loading which ultimately results in speed limitations for trains
and/or discomfort for passengers [4,13,21,23]. Water is accumulated in
the track system through rainfall and run off events as well as
groundwater seepage. Water accumulation causes accelerated dete-
rioration of trackbeds and leads to more frequent maintenance re-
quirements, including ballast cleaning and undercutting operations.
This inevitably results in significant costs to the end-user of the railway.
Considering the anticipated adverse effects of climate change in coming
years (e.g. more extreme weather and flash flood events), the need for
resilient railway infrastructure is paramount.
Although the significance of an adequate ballast drainage system is
widely recognized [1,6,18,22,27], the role of subgrade characteristics
in the drainage performance of the railway infrastructure is often ne-
glected in design and practical applications. Previous research studies
have shown that the permeability and mechanical behaviour of ballast
decreases considerably once it is contaminated with “fines” (i.e. parti-
cles smaller than ~0.06mm) [12,14,15,18,19,24]. For example, in a
series of tests with different degrees of fouled ballast, it was shown that
permeability dropped from 0.3m/s for clean ballast to 5×10−5 m/s
for a fouled ballast with a fouling index of 40% [18]. Studies have also
shown that the subgrade plays an important role in enabling drainage
of water from the track system [7,8,11,20,28].
There are various mechanisms of failure associated with the track
drainage system, such as internal failure (i.e. ballast fouling), external
failure (i.e. clogging of drainage pipes), as well as mechanisms asso-
ciated with the subgrade [11]. An illustration of the track and drainage
system and the factors associated with railway track failures is provided
in Fig. 1. In practice, the failure of drainage systems has mainly been
observed in areas where the subgrade layer has a relatively low
https://doi.org/10.1016/j.trgeo.2019.100299
Received 27 August 2019; Received in revised form 6 November 2019; Accepted 7 November 2019
⁎ Corresponding author.
E-mail addresses: ali.tasalloti@canterbury.ac.nz (A. Tasalloti), alec.marshall@nottingham.ac.uk (A.M. Marshall), charles.heron@nottingham.ac.uk (C.M. Heron),
amid.hashemi@nottingham.ac.uk (M.A. Hashemi).
Transportation Geotechnics 22 (2020) 100299
Available online 13 November 2019
2214-3912/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).
T
permeability [15,18]. In this condition, longer times are required for
water to reach the side drainage pipes. Providing effective under-track
drainage paths can address this issue and ensure that the water table
remains within the subgrade formation. Maintaining water levels
within the subgrade also reduces the possibility of mud pumping, which
can occur when the water table is close to the ballast-subgrade interface
[3,7,8,25]. When the water table is below the subgrade-ballast inter-
face, the subgrade may be in an unsaturated state, which will affect the
hydraulic and mechanical response of the layer [2,5]. The effect of an
unsaturated subgrade on the hydraulic and mechanical response of a
railtrack has not been studied in detail.
Currently, there are a limited number of practical solutions adopted
to improve railway track drainage, such as sand blankets or a geo-
composite layer between the subgrade and ballast [21,9]. However,
these solutions all suffer, to varying degrees, from long-term perfor-
mance issues, such as susceptibility to clogging and maintenance dif-
ficulties.
This paper presents results obtained from a research project in-
vestigating new approaches to drainage within the railway system. The
paper focuses on results related to a geocellular drainage system known
as ‘Permavoid’ (Fig. 1c). Fig. 1 shows the main aspects of the study,
including parameters related to the location and length of the Perma-
void units within the track structure (Fig. 1a), and their spacing in the
longitudinal direction (Fig. 1b). The relative performance of the drai-
nage system was evaluated using a combination of physical and nu-
merical modelling approaches, with the obtained experimental data
used to verify the outcomes of the numerical model. A physical model
was developed to represent a full scale unit cell of a sleeper-to-sleeper
track substructure. The model is capable of accommodating subgrade
and ballast layers, under-track and trackside drainage components, and
rainfall simulation using a set of spray nozzles. Changes in water table
level and the migration of fine particles are captured visually through
transparent acrylic windows along one side of the model container,
whilst water pressures within the subgrade are measured using pore
pressure transducers (PPTs) and standpipes (SPs). The physical model
was used to study the hydraulic response of the track system only;
mechanical loading was not included. Whilst the physical model may
not fully represent all aspects of problematic railway drainage sce-
narios, the model is able to provide a quantitative evaluation of the
relative response of different drainage scenarios. As a means of ver-
ification, the numerical model was first used to replicate the physical
model, including consideration of unsaturated flow, and then extended
to evaluate the effect of a wider range of model parameters (e.g. drai-
nage length across and spacing along the track).
Physical model
The physical model, illustrated in Fig. 2, was constructed using
marine plywood coated with layers of liquid latex and supported within
a steel frame. The model measures 4880mm in length (representing
half of a double-track railway), 620mm in width (representing a
sleeper-to-sleeper centre spacing), and 1220mm in height (accom-
modating ballast and subgrade layers). Longitudinal drainage along the
railway track was also included in the box, with an outlet at one of the
long sides. Five acrylic windows were installed on the front side of the
box to visually monitor the water table variation during rainfall, as
shown in Fig. 2. These windows cover the ballast and subgrade layers
and also the location around the drainage pipe along the railway track.
The windows provided valuable visual information on the movement of
fines within the ballast and Permavoid units during simulated rainfall.
Fig. 1. An overview of railway drainage system investigated in this paper: (a) cross-section view of railway track and comparison between new and traditional
drainage systems, (b) plan view showing spacing between sleepers and Permavoid, and (c) ‘Permavoid’ geocellular system component (image courtesy of Wrekin
Products).
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Rainfall intensity
The hydraulic response of a railway system is influenced by the
rainfall duration and its intensity, or more specifically the ratio of
rainfall intensity to the permeability of the system. In order to simulate
realistic rainfall events in this study, intensity-duration–frequency (IDF)
curves for the UK were established using hourly rainfall data from 26
gauges across the UK (data provided by the Centre for Environmental
Data Analysis), as illustrated in Fig. 3. The gauges were selected based
on their proximity to a main railway network within the UK (elim-
inating extreme rainfall events in mountainous areas). A statistical
analysis following Gumbel theory [10] was performed to establish the
IDF curves for return periods of 2, 5, 10, 25, 50, and 100 years. The
minimum and maximum IDF curves for different rainfall durations were
then established, as shown in Fig. 4. Depending on the return period
and duration, rainfall intensities are in the range of 5–260mm/h.
Network Rail standard NR/L3/CIV/005/2A [17] recommends that the
track drainage system should be designed for rainfall events for a return
Fig. 2. Graphical view of physical model: front view showing acrylic windows and various layers.
Fig. 3. Location of the 26 rainfall gauges for the establishment of IDF curves.
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period of 50 years, hence, by assuming a rainfall duration of 30min, an
intensity of 135mm/h was chosen for the physical model. It should be
noted, however, that during experiments, rainfall durations of greater
than 30min were used in order to reach a steady state condition.
The physical model used eight 1.2 mm aperture, 90° spray nozzles to
simulate rainfall, as shown in Fig. 5. The pattern for the nozzles was
designed to achieve a uniform intensity over the area of the box without
excessive overlap of coverage area. The nozzles were placed 310mm
above the ballast, except near the sloped ballast adjacent to the side
drain, where this distance varied somewhat, resulting in some variation
to the rainfall coverage in this area. A branched pattern of pipes was
used for the water supply to ensure uniform pressure/flow at each
nozzle. The system is capable of providing rainfall intensities in the
range of 70–152mm/h, enabling low and high rainfall intensity simu-
lation with one set of nozzles. Fig. 5 also shows the location of the pore
pressure transducers (PPTs) and standpipes (SPs) used in the physical
model.
Materials and instrumentation
The hydraulic properties of the ballast and subgrade layers are
important considerations. Clean ballast generally has a permeability
that is orders of magnitude greater than the subgrade (at least in areas
where drainage is a problem), however ballast contamination can sig-
nificantly reduce its permeability. A wide range of soil types can be
encountered in the subgrade. Previous studies [15,18] indicated that, in
areas where railway tracks are constructed on relatively low perme-
ability subgrade, the chance of track closure due to drainage failure is
relatively high (i.e. “problem areas”). This is mainly due to the sig-
nificant influence of moisture content on the resilient modulus of the
subgrade soil. The selection of the subgrade soil for the physical model
was therefore challenging. On one hand, the material should be rela-
tively easy to compact since a large amount of material was required for
the model (nearly 2500 kg); clay content should therefore be limited
(< 10%). On the other hand, the permeability of the subgrade layer
should be low enough to be representative of “problem areas”. Con-
sidering these constraints, a fine sand (50%) with silt (45%) and some
fraction of clay sizes (< 5%) was chosen for the subgrade. The material
was obtained from Rotherham Sand & Gravel (RSG) in Sheffield, UK,
Fig. 4. IDF curves (minimum in grey and maximum in black) for rainfall events
from selected gauges for different return periods.
Fig. 5. Physical model illustrating rainfall simulation system and location of PPTs and SPs: (a) cross section and (b) plan view.
A. Tasalloti, et al. Transportation Geotechnics 22 (2020) 100299
4
and is a by-product of the washing process of quarry aggregate.
Fig. 6(a) illustrates the particle size distribution (PSD) of the selected
subgrade material and the ballast. The results of standard compaction
tests on the subgrade material are presented in Fig. 6(b). The index
properties of the subgrade are: specific gravity Gs=2.65, optimum
moisture content wopt=17%, dry unit weight γdry=16.8 kN/m3
(compacted at wopt with standard proctor energy), and saturated per-
meability ksat=2×10−7 m/s (the effect of a lower subgrade perme-
ability is considered in Section ‘Permeability of subgrade’).
The ‘Permavoid’ geocellular system tested within the physical
model had individual component dimensions of 700×355×150mm,
as shown in Fig. 1. These units are widely used for residential appli-
cations such as parking areas, houses, and golf courses. The mechanical
performance of these drainage components under railway track
loading, and in particular cyclic loading, is also an important con-
sideration, however it is outside the scope of this paper. The effect of
Permavoid on the stiffness of ballast under cyclic loading is reported in
[26].
In order to capture the variation of water table over time within the
physical model, a total of 17 pore pressure transducers (PPTs) and
standpipes (SPs) were installed on the bottom and back side of the box,
as shown in Fig. 5. PPTs were installed at location numbers 1–13 and
SPs were located at the rest of the points.
Model preparation and testing procedure
The subgrade material was first air-dried from its natural state to
reach 15–17% moisture content (to allow easier compaction) and then
compacted inside the box in 50mm layers using an electro compactor
plate to reach a dry density of approximately 15 kN/m3. The ballast was
then placed on top of the subgrade layer. Note that the subgrade ma-
terial layer was only prepared once; it was not re-prepared for each test.
For the fouled ballast tests, a fouling index (FI) of 40, representing fo-
uled to heavily fouled ballast [23], was achieved by manually mixing
the subgrade material with ballast at a dry weight ratio of 40:60
(subgrade:ballast). For models that included the Permavoid compo-
nents, the ballast layer was removed and half the length of the subgrade
layer (~2.1m) was excavated such that three Permavoid units could be
placed at the ballast-subgrade interface. Before commencing rainfall
simulation, all PPTs, SPs, pipes and connections were saturated with de-
aired water to ensure accurate and immediate response of the instru-
ments.
Prior to the first test, the simulated rainfall was initiated and left to
run until the response of the PPTs and SPs, and also the flow from the
side drain pipe, indicated a steady state condition had been reached.
The rainfall was then stopped and the model was allowed to drain.
Between all tests (i.e. after rainfall and draining), the water table sta-
bilized at a level between the bottom of the box and the base of the side
drain pipe, with pore suctions keeping some amount of water within the
subgrade layer above the water table (i.e. in an unsaturated condition).
The model was left in this condition between each successive test. There
was some variability of the level of the initial water table at the start of
the tests, which impacted on the initial increase (“lift-off”) of pressures,
as seen in Fig. 7. This did not have a significant impact on data inter-
pretation, as the focus was mainly on the steady state levels and water
pressure response after rainfall (these were the key elements used in the
calibration of the numerical model).
Four physical model experiments were conducted to evaluate the
effect of the Permavoid drainage units on the hydraulic behaviour of
the railway track system, as summarised in Table 1. Clean and fouled
ballast conditions were tested, both with and without the Permavoid
drainage units. The subgrade layer was in an unsaturated condition
before commencement of the simulated rainfall, giving the subgrade a
very low permeability. Therefore, to reach the steady state condition, a
Fig. 6. (a) Particle size distribution of ballast and subgrade layers, and (b) compaction curve of subgrade material.
Fig. 7. Results of physical model for the condition of clean ballast with
Permavoid.
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high rainfall duration was required.
Results and discussion
Physical model
An example of the PPT response over time is shown in Fig. 7 for test
PV-Clean (clean ballast with Permavoid). It should be noted that the
PPTs were only able to measure positive pore water pressures, hence
PPTs on the side of the container (PPT 7, 8, 9, and 10) only recorded
data once the water table was higher than their elevation. Since the
rainfall intensity is much greater than the infiltration capacity of the
subgrade (as presented in Table 1), the excess water was shed off the
ballast-subgrade interface towards the side drainage (i.e. pea gravel).
Due to the relatively high permeability of the pea gravel compared to
the subgrade, water initially infiltrated into the pea gravel and accu-
mulated under the side drainage pipe and then infiltrated horizontally
towards the subgrade layer from left to right. Thus, PPTs located closer
to the pea gravel (i.e. PPTs 2 and 3; refer to Fig. 5 for PPT locations)
initially responded to the rainfall infiltration, followed later by PPTs
further from the side drain (i.e. PPT 4), as shown in Fig. 7. Concurrent
to the horizontal infiltration of water from the pea gravel into the
subgrade, water at the ballast-subgrade interface percolated down-
wards to the subgrade layer. These two mechanisms (i.e. horizontal and
vertical infiltration) resulted in the accumulation of water from the base
of the box until the subgrade layer became (nearly) saturated and a
steady state was reached.
In Fig. 7, three stages of water pressure response are observed. Since
the subgrade was initially in an unsaturated condition (i.e. the water
table was located either at the invert of the lateral drainage pipe or near
to the bottom of the box), there is a transient flow condition during
which time the saturation level of the subgrade increases, finally
reaching a steady state at the end of stage 1. During the steady state
condition in stage 2, the inflow rate (i.e. rainfall intensity) is equal to
the outflow, hence there is no change in water pressures. Upon stopping
the rainfall (start of stage 3), the water pressure dissipates and water
drains from the box through the outlet pipe, with degree of saturation
in the subgrade layer decreasing over time.
Fig. 8 compares the water table levels at steady state from the four
physical model experiments and demonstrates the influence of the
Permavoid drainage units. For the tests without Permavoid with clean
ballast (ND-clean), in most areas the water table was very close but
slightly below the ballast-subgrade interface, whereas for the fouled
ballast tests (ND-Fouled), the water table was slightly above the ballast-
subgrade interface (i.e. within the fouled ballast layer). In a real train
loading scenario, this would result in the possibility for mud pumping
to occur [3,7,8,25]. On the other hand, for tests with Permavoid (PV),
the water table was maintained well below the ballast-subgrade inter-
face, even for the fouled ballast test (PV-Fouled). Although the Per-
mavoid units were only placed along half of the subgrade length, their
influence on the water table was significant up to the right side
boundary of the physical model, which represents the plane of sym-
metry of a double-track system. These results indicate that the Perma-
void drainage units maintain an unsaturated condition of the subgrade
at the ballast-subgrade interface, with beneficial effects related to the
occurrence of mud pumping and overall strength/stiffness of the track
system.
An important drainage performance parameter is the time it takes to
reach steady state (tss); a greater time to reach steady state condition
indicates a longer rainfall duration required before track flooding issues
arise. Based on the recorded data, tss for clean ballast without
Permavoid (ND-Clean) was 1.7 h, whereas it was 28.9 h for clean ballast
with Permavoid (PV-Clean). This significant increase in tss demonstrates
the beneficial influence of Permavoid on the hydraulic response of the
railway track. For the fouled ballast situation, tss was 36 and 18.9 h for
with Permavoid (PV-Fouled) and without Permavoid (ND-Fouled) tests,
respectively.
Visual observations through the acrylic windows of the physical
model indicated that the Permavoid units retained fines washed out of
the fouled ballast layer and directed a portion of these fines towards the
side drainage. Fig. 9(a) (i.e. without Permavoid) shows that the fines
moved from the fouled ballast layer towards the ballast-subgrade in-
terface, effectively moving the interface upwards into the original
ballast layer. As a result of the movement of the fines, the steady-state
water table in test ND-Fouled was at a higher level compared to the
clean ballast condition in test ND-Clean, as shown in Fig. 8. For tests
Table 1
Summary of physical model tests.
Test label Drainage detail Ballast condition q (mm/hr) Rainfall duration (days) q/ksat
ND-Clean Subgrade only Clean 135 1 187.5
ND-Fouled Subgrade only Fouled (FI= 40) 135 1.5 187.5
PV-Clean Subgrade and Permavoid Clean 135 2 187.5
PV-Fouled Subgrade and Permavoid Fouled (FI= 40) 135 3 187.5
ND=No Drainage unit; PV=Permavoid drainage unit included; FI= Fouling Index according to [23], q=Rainfall intensity; ksat=saturated permeability of
subgrade.
Fig. 8. Water table at steady state in four tests obtained in full scale physical model.
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with Permavoid, Fig. 9(b) illustrates how the fines were able to move
into the open structure of the Permavoid, with some of fines being
washed towards the side drainage pipe. This is the reason why the
steady-state water table results in Fig. 8 were similar for both the fouled
and clean ballast tests with Permavoid.
Collectively, the physical model test outcomes suggest that, as-
suming a free-flowing side-drainage system exists, the use of an open-
structure lateral drainage system (such as the Permavoid units) under
the ballast will have significant beneficial influence on the hydraulic
response of railway track, especially for a fouled ballast condition. It
should be noted that the fouled ballast tests conducted here represent
an extreme, instantaneous fouling of the ballast. In reality, if installed at
the time of placement of clean ballast, the open-structure drainage units
would also reduce the likelihood of the development of a fouled ballast
layer, by assisting with the removal of fines moving downwards
through the ballast, and by maintaining the water level below the
ballast-subgrade interface, preventing mud-pumping (i.e. the upwards
movement of fines). In addition, due to the versatile nature of these
open-structure lateral drainage systems (e.g. Permavoid, which can be
built according to specific design requirements, such as to fit between
sleepers) it is feasible to install them in existing railway tracks, in
particular during ballast cleaning and replacement. The open structure
of the geocellular units should reduce the likelihood of clogging,
however, if needed, the units could be maintained relatively effectively
(e.g. jet washing through the ballast or via the side-drainage), con-
tributing to the resilience of the trackbed drainage system.
Numerical model
A finite element method (FEM) numerical model was developed
using the Abaqus software. The model was first calibrated and verified
using experimental data, then used to evaluate the effect of parameter
variations not considered in the physical model (e.g. length of
Permavoid drainage units and spacing in the longitudinal direction
along the railway track). The unsaturated soil hydraulic parameters
(mainly for fouled ballast, pea gravel, and ballast) and the boundary
conditions (both for rainfall infiltration and drainage elements) were
the key factors considered during the calibration process. To reduce
computational time, a 2D model was used for the cases where no
Permavoid units were included (due to the symmetry of the model). For
cases where the Permavoid was included, a 3D model was required,
owing to the fact that the drainage units did not fully cover the width of
the physical model (see Figs. 5 and 10).
The FEM simulations only considered hydraulic behaviour; the
mechanical properties of all layers were ignored and all deformation
were set to zero. The Van Genuchten [29] model was employed to
capture the unsaturated soil hydraulic characteristics. The parameters
of this model, described in Table 2, were used to establish the re-
lationship between suction and degree of saturation, as illustrated in
Fig. 11. The relationship between suction and degree of saturation (i.e.
soil-water retention curve) shown in Fig. 11(a) was established by
conducting a test on the subgrade material, compacted to the same
density as in the physical model tests, using an unsaturated triaxial
apparatus incorporating the axis translation technique [16]. In
Fig. 9. The movement of fines under rainfall for fouled ballast conditions: (a) without Permavoid and (b) with Permavoid.
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addition, the ratio of unsaturated to saturated permeability (kr) pre-
sented in Fig. 11, based on the Van Genuchten model, was adopted in
the FEM analyses, with horizontal and vertical permeability assumed to
be the same.
In the 2D model, a total of 2735 CPE8RP elements (8-node plane
strain quadrilateral elements with pore pressure degree of freedom)
were used. For the 3D model, a total of 32,267 element C3D4P (4-node
linear tetrahedral elements with pore pressure degree of freedom ele-
ments) were used. The initial water table was set according to the va-
lues recorded by PPTs in the corresponding physical model test. Water
flow was restricted at the left, bottom, and right boundaries, whereas a
drainage-only boundary condition was prescribed around the side
drainage pipe (i.e. water pressure not allowed to be greater than zero).
Rainfall infiltration was simulated by surface inflow equivalent to the
rainfall rate in the experiments. Due to the contrast in permeability at
the ballast/subgrade interface, the mesh size and the numerical time
increments were adjusted to ensure proper convergence of the model.
Figs. 12 and 13 show a comparison between the experimental pore
water pressures and those from the FEM models at corresponding lo-
cations (illustrated in Fig. 5). The numerical model was able to capture
the effect of unsaturated flow both during rainfall and once the rainfall
was stopped. The main consideration relating to unsaturated flow is the
dependency of subgrade permeability on degree of saturation, as shown
in Fig. 11(b), which consequently influences the time-dependency of
the pore water pressure response during and after rainfall. In the nu-
merical models, the rate of increase in water pressure from start of
rainfall and the rate of pressure dissipation (i.e. after rainfall) were
similar to the recorded data; emphasis was placed on matching the
numerical results to the post-rainfall experimental data, for reasons
explained earlier relating to the variation of initial water table in the
physical model tests.
Deviations between the numerical and physical model results may
be attributed to several factors. One factor relates to the homogeneity of
the soil within the physical model, especially the subgrade, which, due
Fig. 10. FEM model discretization in (a) 2D and (b) 3D (including location of points A, B, C, and D).
Table 2
Calibrated FEM model hydraulic parameters derived from experimental results.
Layer Saturated condition
permeability
Unsaturated condition (Van Genuchten
parameters)*
ksat (m/s) n α (1/kPa) θr θs
Subgrade 2× 10−7 1.8 0.167 0.09 0.33
Ballast 0.3 2 14 0 0.4
Pea gravel 0.03 2 1.4 0 0.3
Fouled ballast 1× 10−6 2 0.17 0.09 0.33
Permavoid 3 – – – –
* n and α are curve fitting parameters; θr is residual volumetric water con-
tent; θs is saturated volumetric water content.
Fig. 11. (a) Soil water retention curve and (b) ratio of unsaturated to saturated permeability used in FEM analyses.
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to the preparation method, was not entirely homogeneous. Important
parameters such as degree of saturation, saturated/unsaturated per-
meability, and void ratio were therefore not uniform within the phy-
sical model. This variation in parameters at a given time was not con-
sidered in the FEM models. Furthermore, even though all PPTs, SPs, and
pipes were saturated with de-aired water prior to rainfall simulation, it
is possible that air bubbles could have migrated into the pipes/instru-
ments during tests, thereby affecting the measured responses (e.g. final
value recorded by PPTs and rate of response to pressure changes).
A limitation of the numerical model relates to its ability to capture
the effect of the movement of fine particles for tests with fouled ballast.
In the physical model tests, once the rainfall was started, fine particles
gradually moved towards the ballast-subgrade interface, and the
thickness of this new layer increased until it reached a constant thick-
ness. As this phenomenon could not be replicated in the FEM models,
for simulation of these tests, based on visual inspections, the final
thickness of the deposited fine particle layer that accumulated at the
ballast-subgrade interface was considered as the initial condition in the
FEM models. This limitation may also explain some of the deviation
between experimental and numerical results observed in Figs. 12 and
13.
Overall, the agreement between the numerical model and experi-
mental data was satisfactory; the FEM model was able to capture the
unsaturated transition stage both during and after rainfall. In addition,
including the Permavoid units was observed to decrease the maximum
water pressures in both physical and numerical models, especially for
fouled ballast tests (a reduction of 20% and 14% was observed in the
physical and numerical models, respectively). The numerical outcomes
again indicate the effectiveness of the Permavoid units in reducing
water pressures in railway track (i.e. lowering the water table further
below the ballast-subgrade interface). Comparison of numerical and
physical model results gave sufficient confidence to carry out further
parametric analyses with the numerical model (presented in the next
section).
Parametric study
This section investigates, using the FEM models, several key factors
affecting the hydraulic response of a railway track with lateral drainage
(e.g. geocellular Permavoid units) that could not practically be studied
(a)
(c)
ND-Clean
ND-Fouled
(d)
(b)
Fig. 12. Comparison between numerical model and experimental results for tests without Permavoid: (a and b) clean ballast (ND-Clean), and (c and d) fouled ballast
(ND-Fouled).
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with the physical model; relevant geometric parameters are illustrated
in Fig. 1. In particular, the relative length of the drainage units com-
pared to the width of the ballast (PL/BW), the spacing of the units re-
lative to sleeper spacing (PS/SS), and the permeability of the subgrade
are considered. The response of water pressures during and after si-
mulated rainfall are compared at four locations within the model:
points A, B, C, and D, as indicated in Fig. 10(b). The model parameters,
element types, boundary conditions, and rainfall intensity were the
same as the physical model tests, as detailed in Table 2.
Length of drainage units
In the FEM models investigating the relative length (PL/BW), the
length PL of the Permavoid drainage units was varied from 1.05m to
4.3 m, resulting in PL/BW ranging from 0.25 to 1. In these analyses, it
was assumed that the units were placed between sleepers (PS/SS=1).
Fig. 14(a) illustrates the pore water pressure (PWP) at point A
against time (i.e. at the plane of symmetry furthest from the lateral
drainage, see Fig. 10). The results with no Permavoid are also plotted
for comparison. The data illustrates that the maximum PWP at point A
was nearly 5.7 kPa for all cases except PL/BW=1.0, where it was
4.6 kPa (a reduction of 19%). The variation of PL/BW has a marginal
influence on the maximum PWP, however it did have some influence on
the rate of water pressure dissipation after rainfall. Fig. 14(b) shows
that PL/BW has a significant effect on the elevation of the water table at
steady state along the cross-section of the track (moving from B to A in
Fig. 10). For a given distance to the side drainage, an increase in PL/BW
results in a lower elevation of water table. Drainage unit lengths re-
lating to PL/BW=0.75 provide a considerable benefit to most of the
area beneath the rails/sleepers, i.e. the areas most affected by train
loading (from 1.5 to 4.0 m on the x-axis of Fig. 14(b)), where mud
pumping is most likely to develop.
Spacing of drainage units
In the FEM models investigating spacing along the track, the spacing
of the drainage units PS in relation to sleeper spacing SS was varied from
0.62m (i.e. between every sleeper) to 2.48m (between every 4th
sleeper), with PS/SS ranging from 1 to 4. For these analyses, the relative
length was kept constant at PL/BW=0.50.
In Fig. 15, the elevation of the water table at steady-state along a
line between points D and C is plotted. This line represents the mid-
(a)
(c)
PV-Clean
PV-Fouled
(d)
(b)
Fig. 13. Comparison between numerical model and experimental results for tests with Permavoid: (a and b) clean ballast (PV-Clean), and (c and d) fouled ballast (PV-
Fouled).
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point along the track between drainage units, hence it is the worst-case
section in terms of water pressures. The data indicates that the drainage
units have little effect at this location except for the case where they are
placed between each sleeper (PS/SS=1.0). This outcome suggests that,
in order to achieve a significant benefit from the installation of lateral
drainage units, they either need to be placed very close together (i.e.
between every sleeper), or a continuous array of drainage units could
be used along the track. As previously mentioned, the mechanical re-
sponse of the drainage units and of a railway system incorporating such
drainage systems still requires study.
Permeability of subgrade
In reality, subgrade permeability in problematic areas may be less
than that simulated in the physical model (where saturated perme-
ability ksat=2×10−7 m/s). To assess the effect of a lower subgrade
permeability, Fig. 16 includes data of pore water pressure (PWP) at
point A in FEM models having a saturated subgrade permeability of
ksat=1×10−8 m/s. In addition, Fig. 16 also compares results from the
current investigation to those from Rushton and Ghataora [21] which
relate to a drainage solution including a highly permeable geocompo-
site (1-cm thick with a permeability of 5× 10−3 m/s) between the
subgrade and a 10-cm thick sand blanket with a permeability of
2× 10−5 m/s (placed beneath the ballast). Results show that by de-
creasing the permeability of the subgrade by an order of magnitude,
both the time to reach steady state and the time to dissipate PWP are
increased significantly. However, the PWP at steady state is the same
for the two cases of subgrade permeability.
Fig. 16 indicates that the PWP at steady state using Permavoid (PL/
BW=1.0) is lower than the drainage solution using a geocomposite and
sand blanket. Results demonstrate a potentially important feature of the
Permavoid drainage solution; it moves the water table away from the
ballast-subgrade interface which could ultimately reduce the possibility
of mud pumping. The dissipation of PWP after rainfall is noted to be
faster for the geocomposite and sand blanket solution proposed by
Rushton and Ghataora [21]. This is mainly due to the fact that the
Fig. 14. Effect of PL/BW on (a) pore water pressure (PWP) at point A with time,
and (b) steady-state water table level along line from point B to A.
Fig. 15. Effect of drainage unit spacing PS/SS on steady-state water table level
along line from point D to C.
Fig. 16. Effect of subgrade permeability on pore water pressure (PWP) at point
A with time; comparison with geocomposite and sand blanket method proposed
by Rushton and Ghataora [21].
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Permavoid only partially covered the width of the model (along BD in
Fig. 10), whereas the geocomposite and sand blanket was considered to
span the entire width.
Conclusions
A resilient railway infrastructure requires effective and robust
drainage systems. This paper presented the results of a study aimed at
evaluating the effect of placing geocellular drainage units across the
track at the ballast-subgrade interface on the hydraulic performance of
the railway track.
The experimental results indicated that the lateral drainage units
were effective at reducing the steady-state water level, especially for
cases with fouled ballast, and increased the time required to reach the
steady-state condition. The open structure of the drainage units enabled
fines to migrate downwards from the ballast, with some being washed
out into the side drain. In addition, the drainage units maintained the
water table below the subgrade-ballast interface in the fouled ballast
tests, thereby reducing the likelihood of mud pumping.
The FEM numerical model provided satisfactory agreement with the
physical model and was able to capture the correct trend of the tran-
sient response of water pressures in the subgrade soil material, in-
cluding for the effect of unsaturated conditions. The numerical para-
metric study indicated that the drainage units should extend at least
75% of the distance to the mid-point between tracks in a double-track
railway (i.e. PL/BW≥ 0.75). In terms of spacing along the track, the
numerical analyses indicated that the influence of the drainage units is
only significant if they are placed between each sleeper.
This investigation only considered the hydraulic behaviour of the
drainage units; the mechanical response of these units as well as the
railway system as a whole should also be evaluated.
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